Despite limited pharmacokinetic (PK) data, dexmedetomidine is increasingly being used off-label for sedation in infants. We aimed to characterize the developmental PK changes of dexmedetomidine during infancy. In this open-label, single-center PK study of dexmedetomidine in infants receiving dexmedetomidine per clinical care, ࣘ10 blood samples per infant were collected. A set of structural PK models and residual error models were explored using nonlinear mixed-effects modeling in NONMEM. Covariates including postmenstrual age (PMA), serum creatinine, and recent history of cardiac surgery requiring cardiopulmonary bypass were investigated for their influence on PK parameters. Univariable generalized estimating equation models were used to evaluate the association of hypotension with dexmedetomidine concentrations. A total of 89 PK samples were collected from 20 infants with a median PMA of 44 weeks (range, 33-61). The median maximum dexmedetomidine infusion dose during the study period was 1.8 μg/(kg·h) (0.5-2.5), and 16/20 infants had a maximum dose >1 μg/(kg·h). A 1-compartment model best described the data. Younger PMA was a significant predictor of lower clearance. Infants with a history of cardiac surgery had ß40% lower clearance compared to those without a history of cardiac surgery. For infants with PMA of 33 to 61 weeks and body weight of 2 to 6 kg, the estimated clearance and volume of distribution were 0.87 to 2.65 L/(kg·h) and 1.5 L/kg, respectively. No significant associations were found between dexmedetomidine concentrations and hypotension. Infants with younger PMA and recent cardiac surgery may require relatively lower doses of dexmedetomidine to achieve exposure similar to older patients and those without cardiac surgery.
Over 90% of infants hospitalized in the intensive care unit undergo multiple painful procedures. 1 Pain and resulting agitation are associated with increased morbidity in infants, including hemodynamic instability, pathologic stress responses, and inadequate ventilation, which places infants at risk for lung injury. 2 Thus, there is a critical need for safe and effective means of achieving pain control and sedation in the intensive care unit. The most commonly used drugs for this purpose are opioids and benzodiazepines. 3 However, these drugs are frequently associated with severe side effects including respiratory depression, hypotension, delayed gastric motility, and adverse neurologic events. [4] [5] [6] In addition to causing increased morbidity and mortality, these side effects can lead to increased length of stay in the intensive care unit and increased cost of care.
Dexmedetomidine represents an alternative treatment for pain and agitation. Dexmedetomidine is a selective central α 2 -adrenergic agonist that is approved by the US Food and Drug Administration for use in adults for intensive care unit and procedural sedation. 7 Studies of dexmedetomidine in children are limited, and the drug is not Food and Drug Administrationapproved for children. However, the safe and effective use of dexmedetomidine in adults has led physicians to prescribe the drug off-label for children. In safety and efficacy trials in older children, dexmedetomidine has been shown to be an effective sedating agent with few adverse side effects. 8, 9 Experience with dexmedetomidine in infants is limited to case reports and small case series. [10] [11] [12] [13] [14] [15] Understanding the pharmacokinetics (PK) of a drug is essential to determining a safe and effective dose in infants, whose drug disposition and metabolism differ markedly from those of older children and adults. 16 In adults, dexmedetomidine undergoes almost complete biotransformation via extensive hepatic metabolism that involves both direct glucuronidation as well as cytochrome P450-mediated metabolism, with most of the metabolites excreted in the urine. 7 Although the PK of dexmedetomidine is well-described in adults, there are insufficient PK data to inform dosing of this drug in infants. To date, 6 PK studies have been performed in children, and only 1 of these studies evaluated infants alone. [17] [18] [19] [20] [21] [22] Doses of dexmedetomidine in these studies ranged between 0.05 and 1 μg/kg (loading dose) and 0.55 to 0.75 μg/(kg·h) (continuous infusion rate), although higher doses in infants have been reported without PK data. 10, 11, 14 The PK studies have generally shown a larger volume of distribution for children compared to adults, reduced clearance (CL) in the first year of life, and significant interindividual variability for the PK parameters. Further studies of dexmedetomidine PK in infants are needed. The goal of the current study was to use novel approaches including opportunistic methodologies and population PK to further define the PK of dexmedetomidine in infants.
Methods
The Duke University Institutional Review Board provided approval for the study with informed consent by each participating infant's parent or legal guardian.
Study Design
We performed an open-label PK study of dexmedetomidine. Infants <12 months of age receiving dexmedetomidine (concentration 4 μg/mL; Precedex TM , Hospira, Inc, Lake Forest, Illinois) as part of standard of care in the Duke University Medical Center Intensive Care Nursery, Pediatric Intensive Care Unit, or Pediatric Cardiac Intensive Unit were eligible for the study. All infants received dexmedetomidine continuous intravenous infusions at the time of enrollment, and some infants received additional bolus intravenous injections as loading doses or supplemental bolus doses.
Study Procedures
Demographic data, clinical data (including concomitant sedating or paralyzing medications within 24 hours of PK sample, diagnoses, procedures, and laboratory values), and dexmedetomidine dosing information were collected prospectively from medical records. Study data were collected and managed using Research Electronic Data Capture tools hosted at Duke University. 23 Blood samples obtained were 0.2 mL in volume, and a maximum of 10 blood samples were obtained per infant. When possible, blood samples were collected when labs were being obtained per standard of care; however, the infant's guardian was given the option to consent for additional blood sample collection.
Biologic Sample Analysis
Concentrations of dexmedetomidine in plasma were determined using high-performance liquid chromatography tandem mass spectrometry after solid-phase extraction (University of Turku, Finland). Calibration standards and quality control samples were prepared in drug-free human EDTA plasma. The linear concentration range of dexmedetomidine (base form) was from 0.02 ng/mL to 5.0 ng/mL. The lower limit of quantitation was 0.05 ng/mL. Samples below the lower limit of quantitation were excluded from the analysis. The intraassay accuracies of the quality control samples (0.06, 0.15, 1.0, and 4.0 ng/mL) ranged from 98.5% to 108.1%.
PK Analysis
The primary outcome of the study was the PK of dexmedetomidine. The dosing, sampling, and demographic information were merged with the bioanalytical information to create a PK data set. Data were analyzed using nonlinear mixed-effects modeling with NONMEM 7 software (version 7.2, Icon Solutions, Ellicott City, Maryland) and the first-order conditional estimation with interaction algorithm. One-and 2-compartment structural PK models and proportional, additive, and proportional plus additive residualerror models were explored. Size was included by allometric scaling a priori as a covariate for structural model parameters. 24 The allometric exponent for weight on CL was fixed to be 0.75 (WT 0.75 ). The allometric exponent for weight on volume was fixed to be 1 (WT 1.0 ). Estimation of the allometric exponents for weight on CL and volume of distribution was also explored. Data formatting and visualization were performed using Stata (version 13.1, College Station, Texas), R (version 3.0.2, R Foundation for Statistical Computing, Vienna, Austria), and RStudio (version 0.97.551, RStudio, Boston, Massachusetts) software, including lattice, Xpose, and ggplot2 packages.
Model-Building Steps
Once the base model was identified, covariates were investigated for their influence on PK parameters. Continuous covariates evaluated were postmenstrual age (PMA), postnatal age, and serum creatinine. Categorical covariates included cardiac surgery with cardiopulmonary bypass within 48 hours of sampling and sex. Individual participant ηs, defined as the deviations from the typical population parameter values, were plotted against covariates to graphically assess relationships between variability in PK parameters and covariates. In addition to a power model, the relationship between PMA and CL was explored using a sigmoidal E max maturation function (F PMA ), where F PMA = PMA HILL /(TM 50 HILL + PMA HILL ); F PMA denotes the fraction of the adult CL value; TM 50 represents the value of PMA (weeks) when 50% adult CL is reached; and HILL is a slope parameter for the sigmoidal maturation model. Covariates with a discernible graphical relationship to ηs were evaluated for inclusion in the final model. During the model-building process, potential covariates that reduced the objective function by more than 3.84 (P < ß.05) were planned for inclusion in the subsequent multivariable analysis. A forwardaddition, backward-elimination approach to covariate selection was planned for use if more than 1 covariate were found to be significant, and a reduction of 6.6 (P < ß.01) was required for retention of a covariate in the final model.
Model Evaluation
Diagnostic plots included the following: observed vs population-predicted concentration vs individualpredicted concentration; conditional weighted residuals vs predicted concentration vs time after dose; random effects and conditional weighted residuals histograms; and observed vs predicted and individualpredicted concentrations by infant. Diagnostic plots, parameter precision, and objective function value (OFV) were used to assess model goodness of fit.
The final model was evaluated using standardized visual predictive check. In this evaluation the final model was used to generate 1000 Monte Carlo simulation replicates per time point of dexmedetomidine exposure. Simulated results were compared at the participant level with those observed in the study by calculating and plotting the percentile of each observed concentration in relation to its 1000 simulated observations derived from the final model. 25 The dosing and covariate values used to generate the predictions in the standardized visual predictive check were the same as those used in the study population. The number of observed concentrations outside of the 80% prediction interval for each time point was quantified. In addition, a traditional visual predictive check was performed to verify the model predictions of the central tendency and variability. Nonparametric bootstrapping (1000 replicates) was performed to evaluate the precision of the final population PK model parameter estimates and to generate the 95% confidence intervals for parameter estimates.
Exposure-Response Relationship
Although the primary objective of our study was to evaluate the PK of dexmedetomidine, we also collected clinical data related to safety and efficacy. Events were captured if they occurred during the study period, IV indicates intravenous; PK, pharmacokinetic. Data are presented as median (range) for continuous data and n (%) for categorical data. Where applicable, data were at the time of first pharmacokinetic sample. a Plasma albumin levels were available for 9 participants. b Plasma total bilirubin levels were available for 10 participants.
which was defined from the time of informed consent until the final PK sample was obtained. To determine whether drug concentration was associated with safety, we recorded the incidence of events during the study period including hypotension requiring vasopressors, skin reactions, death, and any other adverse events that were considered by the treating clinician to be related to dexmedetomidine. We compared the overall average concentrations to the predicted concentrations at the time of hypotension using the Wilcoxon signed-rank test. We compared the overall maximum drug concentration values among infants who died and did not die using the Wilcoxon rank-sum test. Data manipulation, data visualization, and non-PK statistical analysis were performed using Stata (version 14.1, College Station, Texas).
Results

Participant Characteristics
A total of 20 infants were enrolled in the study ( Table 1) . The median gestational age and postnatal age were 39 weeks (range 27-40) and 43 days (4-203), respectively. Of the 20 infants, 3 were born prematurely at gestational ages of 27, 32, and 32 weeks. The PMA of these 3 infants at time of first PK sampling was 40, 32, and 61 weeks, respectively. From the 20 participants, we collected 92 blood samples. Three samples below the lower limit of quantification were excluded from the analysis. The median number of samples per Data are n (%).
infant was 4 (range, 1-10). Every infant was exposed to at least 1 other sedating or paralyzing medication within 24 hours of the PK sample. The most common concomitant sedating medications were midazolam, methadone, fentanyl, and clonidine ( Population PK Model Development and Evaluation A 1-compartment model described the data adequately ( Figure 1 ). Scaling of CL and volume of distribution (V) parameters by weight using a fixed exponent allometric relationship (WT 0.75 and WT 1.0 , respectively) resulted in a 40.0-point reduction in the OFV. Additionally, estimation of the exponent of total body weight on CL parameters was attempted but did not result in a significant drop in OFV compared to a fixed exponent allometric relationship. The estimated exponents of total body weight on CL and V were 1.37 and 1.93, respectively. Plots of differences in CL (ηs) vs covariates suggested relationships between CL and PMA, postnatal age, serum creatinine, and cardiac surgery (Figure 2 ). Univariable addition of PMA, postnatal age, serum creatinine, or cardiac surgery to the CL model resulted in a significant decrease in OFV, and the largest drop in OFV ( OFV = -10.1) occurred when PMA was added to the model (Table 3) . We attempted to use a sigmoidal E max maturation function to account for change in CL with PMA, but this method did not result in a reasonable estimate of TM 50 . In the multivariable analysis only addition of cardiac surgery to the body weight-and maturational (PMA)-adjusted CL model resulted in a significant drop in OFV ( OFV = -5.1) and improved the goodness of fit. However, only the effect of PMA on CL was retained after backward elimination. Covariate effects were not evaluated for V because the majority of the concentration data were from steady state and did not give enough information about the distribution process to characterize the interindividual variability in volume of distribution.
Population PK parameters and their precision for the final dexmedetomidine PK model are shown in The final model was evaluated using a 1000-set bootstrap analysis; 95% of bootstrap data sets converged to >3 significant digits. The median of bootstrap fixed effects parameter estimates was within 5% of population estimates from the original data set for all parameters. The standardized visual predictive check and traditional visual predictive check revealed a reasonable fit between the observed and predicted dexmedetomidine concentrations. A uniform distribution of calculated observation percentiles was observed at earlier time points where the data points were relatively abundant (Figure 3 ). There were 20/89 (22.5%) observed concentrations outside of the 80% prediction interval. There were 10/89 (10.1%) observed concentrations outside of the 90% prediction interval.
Safety
Of the 20 infants, 15 (75%) experienced hypotension requiring vasopressors during the study period. Among infants who experienced hypotension, there was no difference between the overall average concentration of dexmedetomidine and the predicted concentration at the time of hypotension (0.42 ng/mL [0.28-0.56] vs 0.56 [0.25-0.77], respectively; P = .58). No skin rashes or other adverse events attributed to dexmedetomidine were noted during the study period. Two (10%) infants died during the study period. Both infants who died had severe pulmonary hypertension, and the deaths were deemed unrelated to dexmedetomidine. There was no difference in median maximum levels of dexmedetomidine in infants who died compared to infants who did not die (1.18 ng/mL [0.94-1.42] vs 0.86 [0.68-1.34], respectively; P = .38).
Discussion
In this phase 1 PK study of dexmedetomidine in infants, we used a 1-compartment PK model to find that after correcting for body size using weight, PMA and cardiac surgery within 48 hours of PK sample were the most significant covariates. We found that CL and volume of distribution were 0.87-2.65 L/(kg·h) and 1.5 L/kg, respectively, for infants with PMA of 33 to 61 weeks and body weight of 2 to 6 kg. Our study is the first to report PK of dexmedetomidine in infants at doses >0.2 μg/(kg·h) and in any child at doses >0.75 μg/ (kg·h). The median maximum dose received by participants in the current study (1.8 μg/[kg·h]) was 9 times greater than the maximum dose studied previously for PK in infants and 2.4 times greater than the maximum dose studied previously for PK in older children. 17, 20, 22 At these higher doses, we did not demonstrate an association between dexmedetomidine exposure and adverse events. When standardized to a 70-kg adult, the plasma CL of dexmedetomidine (48.2 L/h) reported in this study was lower than typical values reported in adults, 7 which is consistent with findings from previous pediatric studies. [17] [18] [19] [20] [21] [22] Because dexmedetomidine undergoes almost complete hepatic transformation, the relatively lower CL of dexmedetomidine in infants likely reflects their decreased hepatic enzyme activity compared to adults. 16 The estimated plasma CL of dexmedetomidine for participants in the current study who had cardiac surgery (34.0 L/h for 70 kg) was comparable to the reported value in a study of 45 children after cardiac surgery (39.2 L/h for 70 kg). 19 The slightly higher CL in the previous study may reflect that study's older population of children (0.01-14.4 years). However, even in older children, CL can be very variable. In 1 pooled analysis of 95 children, typical CL standardized to a 70-kg adult was 42.1 L/h, but there was significant maturation-related variability. 26 One other previous study has reported the CL of dexmedetomidine in infants alone. 22 In a phase 2/3 safety, efficacy, and PK study of dexmedetomidine in 18 mechanically ventilated term neonates (ࣙ36 to ࣘ44 weeks gestational age) receiving dexmedetomidine 0.05-0.2 μg/(kg·h), CL and steady-state volume of distribution were 0.9 (0.2-1.5) L/(kg·h) and 3.9 (0.1-10.9) L/kg, respectively. 22 The CL of dexmedetomidine was even lower (0.3 L/[kg·h]) in 24 preterm neonates. Both of these CL values are substantially lower than the CL obtained from our study, which may be a consequence of several factors. First, infants in the previous study were younger (mean postnatal age approximately 2 weeks) than the infants in our study (median postnatal age >6 weeks). In addition, all infants in the previous study were required to be mechanically ventilated, whereas 4/20 (20%) of infants in our study were not mechanically ventilated. Mechanical ventilation has been reported to decrease CL of drugs with a high hepatic extraction ratio due to reduced cardiac output and visceral blood flow during mechanical ventilation. 27 Dexmedetomidine is a drug with high hepatic extraction, and the presence of mechanical ventilation in all participants in the prior study could partially explain the lower CL.
In our study, infants with cardiac surgery had lower dexmedetomidine CL, although the difference was not statistically significant in the population PK model-building process. Cardiopulmonary bypass during cardiac surgery has been previously reported to decrease elimination of some drugs due to impairment of renal or hepatic CL following lowered perfusion and hypothermia. 28 Cardiac surgery without cardiopulmonary bypass causes hypoperfusion, 29 which could in turn cause a decreased liver CL of high-extraction drugs such as dexmedetomidine. Although few data exist in pediatric patients to describe the duration of hepatic impairment, adults can have recovery of laboratory values within several days. We hypothesize, therefore, that any effect of cardiac surgery on dexmedetomidine CL would be transient. 30 However, given our small sample size, the possible effect of cardiac surgery should be interpreted with caution and needs to be confirmed in a larger study.
Hypotension was common in our infants, with 75% requiring vasopressor treatment during the study period. This finding reflects the severity of illness of the population of infants included in our study; all 4 infants with cardiac surgery experienced hypotension. Episodes of hypotension did not necessarily represent new episodes occurring after the start of dexmedetomidine, and hypotension could have occurred prior to the study period. The prevalence of hypotension is also complicated by the presence of concomitant medications. At Duke University Medical Center, dexmedetomidine is most often used as a second-or third-line sedating agent. Benzodiazepines and opioids were extremely common, and 12 of 20 infants (60%) were exposed to a paralyzing agent during the study period. Clonidine was also a common concomitant medication, reflecting the fact that infants with a long duration of exposure to dexmedetomidine are often transitioned to the oral or transcutaneous clonidine to prevent withdrawal symptoms. These concomitant medications, as well as other clinical comorbidities, likely contributed to the adverse event of hypotension.
The strengths of our study include the opportunistic study design, which offered minimal risk to our participants. By using population PK analysis methods, we were able to obtain important PK information at doses of dexmedetomidine never previously reported. However, our study did have several limitations. Because we did not require additional laboratory testing as part of our study design, we did not have laboratory data from enough infants to include liver dysfunction as a potential covariate in our PK model. Although there was a trend toward an effect of cardiac surgery on dexmedetomidine CL, cardiac surgery could not be established as a significant covariate in our PK model, likely due to the small sample size. In addition, the study design and small sample size limited our ability to make conclusions regarding the exposure-response relationship and safety. Hypotension was common in our population, likely due to high disease severity, and we may have therefore been unable to detect an effect of dexmedetomidine that could be present in infants less critically ill. Because the use of concomitant sedating and paralyzing medications was common and our study was nonblinded and nonrandomized, we were also unable to explore efficacy of dexmedetomidine in terms of degree of sedation and analgesia. Without enough data to make strong conclusions on safety and efficacy, we were unable to recommend an "ideal" dosing range for this population. Further prospective studies that prohibit or control for the presence of concomitant sedating or paralyzing agents are needed.
Conclusions
Clearance of dexmedetomidine in our study infants was greater than the previously reported values in neonates but lower than that in adults. Volume of distribution of dexmedetomidine in our study was comparable to that in children and adults. Both PMA and cardiac surgery were important factors affecting dexmedetomidine CL. Infants with younger PMA and recent cardiac surgery may require relatively lower doses of dexmedetomidine to achieve a level of exposure similar to older patients and those without cardiac surgery. Larger studies are needed to further define these relationships as well as to determine the safety and efficacy of higher doses of dexmedetomidine.
